
Am. J. Hum. Genet. 60:957-964, 1997

Ethnic-Affiliation Estimation by Use of Population-Specific DNA
Markers
Mark D. Shriver,' Michael W. Smith,2 Li Jin,3 Amy Marcini,1 Joshua M. Akey,1 Ranjan Deka,1
and Robert E. Ferrell'
'Department of Human Genetics, University of Pittsburgh, Pittsburgh; 'Intramural Research Support Program, SAIC-Frederick, National
Cancer Institute, Frederick Cancer Research and Development Center, Frederick, MD; and 3Department of Genetics, Stanford School of
Medicine, Stanford

Summary

During the past 10 years, DNA analysis has revolution-
ized the determination of identity in a forensic context.
Statements about the biological identity of two human
DNA samples now can be made with complete confi-
dence. Although DNA markers are very powerful for
distinguishing among individuals, most offer little power
to distinguish ethnicity or to support any statement
about the physical characteristics of an individual.
Through a search of the literature and of unpublished
data on allele frequencies we have identified a panel of
population-specific genetic markers that enable robust
ethnic-affiliation estimation for major U.S. resident pop-
ulations. In this report, we identify these loci and present
their levels of allele-frequency differential between ethni-
cally defined samples, and we demonstrate, using log-
likelihood analysis, that this panel of markers provides
significant statistical power for ethnic-affiliation estima-
tion. In addition to their use in forensic ethnic-affiliation
estimation, population-specific genetic markers are very
useful in both population- and individual-level admix-
ture estimation and in mapping genes by use of the link-
age disequilibrium created when populations hybridize.

Introduction

It is well documented that the majority (80%-90%) of
the genetic variation among humans is interindividual
and that only 10%-20% of the total variation is due
to population differences (e.g., see Nei 1987; Cavalli-
Sforza et al. 1994; Deka et al. 1995). It also has been
widely observed that most populations share alleles at
any given locus and that those alleles that are most fre-
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quent in one population are also found at high frequency
in other populations. There are few classical (blood
group, protein, and immunological) or DNA genetic
markers that have been demonstrated either to be popu-
lation specific or to have large frequency differentials
among geographically and ethnically defined popula-
tions (Roychoudhury and Nei 1988; Cavalli-Sforza et
al. 1994; Dean et al. 1994). The high degree of genetic
similarity reflects the recent divergence of the human
species into continental groups. A common recent origin
for all human populations is supported by both archeo-
logical and genetic evidence. Despite this apparent lack
of unique genetic markers, there are marked physical
and physiological differences among human racial
groups, which, it is presumed, reflect long-term adapta-
tion to unique ecological conditions, random genetic
drift, and sexual selection.
The idea that there are genetic markers that exist in

one population and not in others was first presented by
Neel (1973), who referred to these markers as "private"
and used them to estimate mutation rates. Reed (1973)
used the term "ideal" (in reference to their utility in
individual-admixture estimation) to describe hypotheti-
cal genetic marker loci at which different alleles are fixed
in different populations. Chakraborty et al. (1991)
called those variants that are found in only one popula-
tion "unique alleles." The most useful unique alleles for
forensics, admixture, or mapping studies are those
which have the largest allele-frequency differences
among populations (Reed 1973; Chakraborty et al.
1992; Stephens et al. 1994). We use the designation
"population-specific alleles"(PSAs) to describe genetic
markers with large allele-frequency differentials. For a
biallelic marker the frequency differential (6) is equal to
Px - py, which is equal to qy - qx, where Px and py
are the frequencies of one allele in populations X and
Y and qx and qy are the frequencies of the other. Al-
though the PSA marker alleles referred to may not be
absolutely restricted to any population, the name under-
scores the primary uniqueness and utility of these mark-
ers. Median 6 levels for biallelic loci among major ethnic
groups are 15%-20%, and the vast majority (>95%)
of arbitrarily identified biallelic genetic markers have 6
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<50% (Dean et al. 1994). We thus propose that a
"large" frequency differential is >50% and that PSAs
are those markers that demonstrate such frequency dif-
ferences between any two major geographically or ethni-
cally defined populations. A definition of PSAs is also
possible when a locus has more than two alleles. When
there are more than two alleles, 6 is calculated as the
summation of all those individual 6 values that have like
sign when allele frequencies for two populations are
subtracted.
A selection of PSAs would be useful in several areas

of human genetics, physical anthropology, and foren-
sic science. In forensic anthropology, the determina-
tion of the race or ethnic affiliation of an individual
is difficult, without access to skin and hair samples.
The best racial estimates are achieved by use of a num-
ber of measurements of lengths and angles from the
skull and several large bones, which are used to esti-
mate coefficients of discriminant functions. Using this
approach, researchers are able to correctly categorize
80%-90% of the individuals in the sample used to
estimate the coefficients (Dibennardo and Taylor
1983; Iscan 1983). The accuracy of classification has
been observed to be lower when samples other than
the ones used to estimate the discriminant coefficients
are analyzed. In addition, since the large U.S. skeleton
collections were established several decades ago, the
appropriateness of estimates based on these collec-
tions has been questioned (Dibennardo and Taylor
1983). Since ethnic-affiliation estimation (EAE), in
turn, is used to estimate other characteristics, such as
gender, age, and height, precise EAEs will enhance,
in more than one way, the accuracy of the physical
description. For example, age at time of death is esti-
mated by use of measurements of the long bones and
by standard formulas. One important factor in these
formulas is ethnicity, since the relationship between
age and height is not the same across ethnically defined
groups.
The precision of estimates of admixture is directly

dependent on the 6 level of the markers used (Chakra-
borty et al. 1991). PSAs are thus the ideal markers for
accurate population-admixture estimation and will
make individual-admixture estimation feasible. Hybrid
populations, such as the African Americans and His-
panic Americans, also can be a valuable resource for
mapping disease genes. This method is called "mapping
by admixture linkage disequilibrium" (MALD) and uses
the linkage disequilibrium created when divergent popu-
lations hybridize to localize genes that predispose to dis-
ease (Chakraborty and Weiss 1988; Briscoe et al. 1994;
Stephens et al. 1994). Since the magnitude of the admix-
ture linkage disequilibrium is proportional to the 6 level
of the marker loci used for MALD mapping, PSAs are
the preferred markers for this method.

Methods

Single-locus average log-likelihood determinations
were made by first calculating the estimated genotype
frequencies by use of observed allele frequencies for all
possible genotypes in the first population. The frequency
of each genotype was then calculated for the second
population by use of the allele frequencies for that popu-
lation. If a particular allele was not observed in the sec-
ond population, the frequency was set to 1/(2n + 1),
where n is the sample size that was typed to determine
allele frequencies. In other words, an allele not found in
a sample is assumed to be the next allele to be observed,
thus preventing undefined log-likelihood ratios due to
division by zero. The individual genotype log-likelihood
ratios can be expressed as

LLRAxy = lo10 (2axay\2bxby)

and

LLRgxy = log,0(2bxby
2axay

when x * y or

LLRAxy= log,0bx
(by)

and

LLRBxy= log0 bxbb
axay

when x = y and ax and ay are the allele frequencies of
alleles x and y in population A and b, and by are the
frequencies of alleles x and y in population B. The aver-
age single-locus EAE log-likelihood ratio is then

k k

XE (1/2 PAXYLLRAxy + 1/2 PBXYLLRBxy) ,
x=1 y=x

where k is the number of alleles at the locus and PAxy
and PBxy are the genotype frequencies for genotype xy
in populations A and B, respectively.
The expected value of the EAE log-likelihood ratio

across multiple loci can be calculated simply as the sum
of the average single-locus log-likelihood ratios. Given
the exponential relationship between the number of loci
and the number of multilocus genotypes, it is not possi-
ble to determine directly the distribution of log-likeli-
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hood levels when more than a few loci are used. Instead,
we have used computer simulations to calculate the aver-
age log-likelihood ratio and to create the distribution of
log-likelihood levels when several loci were considered
simultaneously. By use of random numbers, an individ-
ual was created on the basis of the allele frequencies in
the first population and under the assumption of linkage
equilibrium among all alleles. Then the frequency of this
multilocus genotype was calculated in the other popula-
tion, again with the stipulation that alleles not observed
have frequencies of 1/(2n + 1), where n is the sample
size. The log is then taken on the ratio of the two
multilocus genotype-frequency estimates. Each multilo-
cus log-likelihood distribution presented is the result of
100,000 simulated individuals.
DNA was isolated from frozen buffy coats or cell

pellets and was used as a template in PCR-based (Saiki
et al. 1988) restriction-site or microsatellite PCR geno-
typing reactions. For restriction-site polymorphism typ-
ing, standard PCR using primers 20-25 bp in length
was done in a 25-pi volume. Typically, restriction en-
zymes (1-5 U) were added directly to an aliquot of
the PCR reaction, without modification of the reaction
buffer, and were allowed to digest overnight at the pre-
scribed temperature. Restriction fragments then were
separated by either agarose-gel electrophoresis or PAGE,
depending on the predicted fragment sizes. Microsatel-
lite markers were amplified by use of either isotopically
labeled or fluorescently labeled oligonucleotide primers
and were run on denaturing polyacrylamide gels to sepa-
rate alleles by size. Readers interested in primer se-
quences and reaction conditions are referred to the Ge-
nome Database (GDB; www.gdb.org); entries are
referenced in the text below or in tables 1 and 2. Details
on the populations analyzed have been presented else-
where (see Bowcock et al. 1994; Dean et al. 1994; Deka
et al. 1995).

Results

Dimorphic PSAs
We first searched both the literature and our own

unpublished data, for dimorphic and microsatellite PSA
markers that would be useful in EAE of U.S. resident
populations-namely, Africans, Europeans, Amerindi-
ans, European Americans, African Americans, and His-
panic Americans. There have been five large surveys of
RFLP loci detected by use of Southern blot techniques
(Bowcock et al. 1987; Roychoudhury and Nei 1988;
Bowcock et al. 1991; Kidd et al. 1991; Dean et al. 1994)
and one population survey of RFLP loci by use of PCR-
based restriction-site polymorphisms (Jorde et al. 1995),
in both of which, for some of these populations, frequen-
cies were reported, for a total of 565 loci comparisons.
Only 28 (5%) of these 565 loci/pair combinations of

RFLP loci showed levels of 6 >.5 (the cutoff level for
PSAs). However, most of these markers have not been
developed into PCR-based genotyping assays, and thus
they are of limited use in most modern molecular-genet-
ics laboratories.
From the literature, we identified a group of six PCR-

based dimorphic genetic markers that have been typed
in ethnically defined populations and that have been
reported to have large allele-frequency differentials. We
were able to verify that all six of these markers-
namely, FY-null (GDB designation 728415), RB2300
(GDB designation 155206), LPL (GDB designation
157022), CKMM (GDB designation 156902), PV92
(Batzer et al. 1994), and DRD2 (K. K. Kidd, personal
communication)-have 6 levels high enough to make
them useful for EAE. Three of these loci (FY-null,
RB2300, and LPL) have high African/European and Af-
rican/Amerindian 6 levels, and three (CKMM, PV92,
and DRD2) have high Amerindian/African and Amerin-
dian/European frequency differentials. The allele fre-
quencies for these six loci in five world and U.S. popula-
tions are presented graphically in figure 1. It is clear
that there are large allele-frequency differences among
populations and that the two hybrid populations have
allele frequencies intermediate between those of the pa-
rental populations. For example, the frequency of the
FY-null allele is 100% in our African sample, very low
in Europeans (and all other populations), and 80% in
African Americans.

Hypervariable Microsatellite PSAs
Hypervariable microsatellites, short tandem arrays of

2-6-bp repeat units, are the preferred DNA markers in
many areas of genetic research, ranging from studies of
microevolution to gene mapping and identity analysis.
Microsatellites are useful because they demonstrate very
high levels of heterozygosity (usually >.70), which are
due to elevated mutation rates (-1 mutation/1,000 ga-
metes; Weber and Wong 1993). There is good evidence
that replication slippage is the mechanism of mutation
and that changes in array length proceed in a stepwise
manner, with mutant alleles becoming either one repeat
unit larger or one repeat unit smaller (Levinson and
Gutman 1987; Shriver et al. 1993; Valdes et al. 1993;
DiRienzo et al. 1994). Those characteristics-high het-
erozygosity and large numbers of alleles-which make
microsatellites ideal markers for most genetic research,
do not directly affect their utility in EAE, admixture
estimation, or MALD. The primary determinant of their
utility in these applications is, as with diallelic markers,
the frequency differential between populations. Indi-
rectly, the higher mutation rate at microsatellite loci
leads to more alleles-and thus to rapid divergence of
these loci-because each allele is subject to random
changes in frequency. Although several thousand micro-
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Table 1

8 And Average Log-Likelihood Levels for 20 African PSA Loci

8; AVERAGE LOG-LIKELIHOOD LEVEL

Locusa African American/European American African American/Hispanic American Hispanic American/European American

FY-null' .783; 1.858 .781; 1.818 .002; .001
D7S657 .745; 1.276 .556; .752 .223; .138
D5S421 .714; 1.094 .407; .391 .357; .280
D14S72 .654; 1.085 .718; 1.561 .175; .128
D6S276 .652; 1.029 .595; .962 .218; .170
D9S175 .636; .992 .609; .914 .267; .216
D2S338 .633; .903 .528; .658 .400; .443
D2S117 .632; .910 .286; .279 .432; .441
RB2300b .617; .837 .683; 1.033 .067; .010
D5S410 .595; .899 .548; .761 .220; .109
DRPLA S594; .978 .452; .452 .214; .190
D4S413 .592; .722 .630; .948 .324; .337
D7S640 .582; .794 .536; .635 .452; .407
D8S272 .575; .737 .312; .257 .465; .552
D1S218 .563; .746 .450; .500 .225; .186
D12S1O1 .556; .634 .444; .437 .204; .178
D8S284 .500; .636 .390; .432 .198; .153
D8S284 .500; .636 .390; .432 .198; .153
LPLb .483; .532 .500; .565 .017; .001
D15S12O .449; .498 .381; .354 .297; .229

a Microsatellites are listed by use of the DS nomenclature. Primer sequences and PCR conditions can be found in the Genome Database
(GDB; www.gdb.org). Conditions for FY-null, RB2300, and LPL are referenced in the text.

b Dimorphic loci.

Table 2

8 And Average Log Likelihood Levels for 20 Hispanic PSA Loci

8; AVERAGE LOG-LIKELIHOOD LEVEL

Hispanic American/European American Hispanic American/African American African American/European American

D1S255 .524; .632 .262; .169 .500; .478
D7S530 .489; .635 .750; .667 .364; .359
D8S272 .465; .552 .312; .257 .575; .737
D7S640 .452; .407 .536; .635 .582; .794
D3S1211 .441; .599 .460; .565 .302; .315
D15S131 .438; .449 .357; .266 .319; .342
D2S396 .436; .414 .336; .268 .230; .170
D2S338 .432; .441 .286; .279 .633; .908
D5S406 .432; .525 .486; .646 .516; .599
D3S1297 .417; .547 .425; .455 .460; .643
D1S249 .415; .389 .333; .253 .281; .194
D7S550 .415; .411 .571; .832 .605; .879
D9S156 .405; .321 .203; .139 .367; .306
D9S175 .400; .443 .528; .658 .636; .992
D3S1278 .397; .337 .563; .859 .392; .402
D1S502 .395; .414 .710; .803 .711; .729
D8S279 .387; .505 .315; .280 .382; .332
D12S83 .383; .373 .468; .525 .488; .549
D3S1289 .380; .331 .202; .223 .401; .498
D11S937 .380; .326 .532; .603 .489; .541

a Microsatellites are listed by use of the DS nomenclature. Primer sequences and PCR conditions can be found in the Genome Database
(GDB; www.gdb.org).
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Figure 1 Frequencies of six dimorphic-PSAs in five populations.
The sample size for each of four populations (Africans, African Ameri-
cans, European Americans, and Hispanics) is 30, whereas, for the
Amerindian group (Pehuenche), we typed 50 individuals.

satellite loci have been isolated and mapped in the hu-
man genome, relatively few data on their allele-fre-
quency distributions across populations are available.
In the course of this work we have inspected the levels
of frequency differential for >1,000 loci, including both
unpublished data generated in our laboratories and data
from three published studies (Bowcock et al. 1994; Deka
et al. 1995; and Jorde et al. 1995).
Shown in figure 2A and B are examples of microsatel-

lite PSA markers identified in these surveys. In figure 2A
we show the allele-frequency distributions of an African/
European PSA, D7S657, that has a 8 level of .745. Large
differences in the frequencies of particular alleles are
evident (e.g., alleles 248 and 262). There are also some
less frequent alleles, which were found in only one of
the samples. Figure 2B shows the allele-frequency distri-
butions of the Hispanic/European PSA, D1S255. This
locus demonstrates a 8 level of .524 between European
Americans and Hispanic Americans, most of which is
due to three alleles (alleles 73, 75, and 79).

In tables 1 and 2 we present lists of the PSA loci
identified in these surveys which are best suited to enable
confident EAE in U.S. populations. These loci are the
subset of those PSAs found that will provide the most
statistical power for EAE in U.S. populations; they do
not comprise a complete list (such a presentation is be-
yond the scope of this report and will be presented else-
where [M. W. Smith, R. Deka, and L. Jin, unpublished
data]). We have based the selection of loci for this list
on the levels of allele-frequency differential among the
ethnically classified individuals typed in our labora-
tories. All of these loci are genotyped by use of PCR,
and the majority are microsatellite polymorphisms. Part
of our selection criterion was that the identified loci
should be widely dispersed across the genome, to mini-
mize the effects that linkage disequilibrium would have
on the computation of the log-likelihood ratios. Since

there may be substantial uncertainty in allele-frequency
estimates made by use of small sample sizes, and be-
cause, for small sample sizes, the estimation of 8 is biased
in an upward direction (data not shown), we have also
excluded those loci that have been typed in samples of
<20 individuals. Also presented in tables 1 and 2 are the
pairwise 8 levels and average single-locus log-likelihood
levels for these loci, for the major U.S. population
groups. These calculations are all based on observed
allele frequencies for the primary U.S. resident popula-
tions (namely, European American, African American,
and Hispanic American) and not on the parental or un-
admixed population frequencies.
To characterize the informativeness of the PSA panels

presented in tables 1 and 2, we have determined the
distribution of multilocus log-likelihood levels. These
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Figure 2 Allele-frequency distributions for two microsatellite-
PSA loci. A, Frequencies of the best African microsatellite-PSA
D7S657 in an African American sample (n = 21) and in an European
American sample (n = 22). B, Frequencies of the best Hispanic micro-
satellite D1S255 in a U.S. Hispanic sample (n = 21) and in a U.S.
European American sample (n = 21).
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Discussion

The principal goal of this project was to identify a
set of genetic markers that would allow the confident
determination of ethnicity, for use in a forensic setting.
Although ethnic affiliation is often clearly evident on
gross observation, many of the traits that allow these

| distinctions are superficial. Ethnic classification is much
15 20 25 more difficult when one has only skeletal remains or a

sample of blood to examine. This is primarily due to
rage log-likelihood levels the facts that human populations share a very recent
E. Two lines are shown, common ancestry and that the majority of the total ge-
(blackened squares) and netic variation is due to differences within populations
PSAs from table 1. Each and not to differences between them. Thus, alleles found
ultilocus log-likelihoodAvertical loineintersects in one population often are found in others, and those

which are most frequent in one are also frequent in
others. Additionally, the large-scale hybridization or ad-
mixture of populations that has occurred in the United
States has acted to obscure the genetic differences among

4. Figure 3 shows resident populations. Despite these factors, we have
elihood for African shown that it is possible to identify a collection of ge-
cans, and figure 4 netic markers that are distinctive enough to allow con-
^icans versus Euro- fident genetic EAE. The principal characteristic of these
the substantial Eu- markers, which we call "PSAs," is that they have sub-
icpopulatlons,His- stantial allele-frequency differences (high 6 levels) be-
rican log-likelihood tween populations.
eAfrican American Through a search of the literature and of unpublished
:ions and therefore data from our laboratories, we have compiled two selec-
wn in figure 3, the tions of PSA markers, one showing high 6 levels between
e first five markers African Americans and European Americans and the

from table 1) and the 10 best PSAs (the hrst 10 markers
from table 1). Note that a vertical line intersects the X-
axis at a log-likelihood level of 3 (odds of 1:1,000, a
commonly accepted level of scientific confidence). For
African Americans, the average multilocus log-likeli-
hood level is 6.5 when the 5 best PSAs are used and is
11.1 when the 10 best PSAs are used. When the panel
of the 5 best PSAs are used, 96.0% of individuals have
log-likelihood levels >3.0; when the entire panel of 10
is used, <0.01% show log likelihoods <3.0.
The Hispanic American distributions of log likelihood

are presented in figure 4. Three curves are shown: one
for the 5 best, one for the best 10, and one for the best
20 PSAs from table 2. As expected, given the higher
European genetic contribution to the Hispanic American
population than to the African American population,
the log-likelihood levels for these comparisons are
lower. The average log likelihood for the panel of 5
PSAs is 2.9, and 46.8% of individuals yield a log-likeli-
hood level >3.0; for the best 10 and 20, the average
log-likelihood levels are 5.2 and 9.1, respectively, and
the proportions of observations for which the log-likeli-

-9 6
U-

-.-20 HA-EA
-- 10 HA-EA
-in 5 HA-EA

-5 0 5 10 15 20 25

Log Likelihood Ratio Levels

Figure 4 Distribution of multilocus average log-likelihood levels
for Hispanic American/European American EAE. Three lines are
shown, representing the results of EAE for the 5 best (blackened
squares), 10 best (blackened circles), and 20 best (unblackened circles)
Hispanic American PSAs from table 2. Each line is the probability
distribution of the multilocus log-likelihood level, based on 10,000
simulated individuals. A vertical line intersects the X-axis at a log-
likelihood level of 3.0.
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other showing high 6 levels between European Ameri-
cans and Hispanic Americans. For inclusion within this
list, loci were selected on the basis of high 6 and high
log-likelihood levels. In addition, we have included only
loci for which PCR-based assays are available. We have
presented a list of 20 African PSAs and 20 Hispanic
PSAs arranged in descending order of 6 level-and,
thus, in descending level of informativeness for EAE. It
should be noted that the markers on this list need to be
typed in larger samples from different parts of the coun-
try, both to have more accurate allele-frequency esti-
mates and to identify the most efficient set for EAE. We
show, using simulation-based multilocus log-likelihood
determinations, that a subset of these markers provide
for confident EAE among these three populations.
Multilocus EAE log likelihoods between African Ameri-
cans and either European Americans or Hispanic Ameri-
cans are much higher than those between Hispanic
Americans and either European Americans or African
Americans. This observation is consistent with data
from other genetic studies, which show that the earliest
branch in the human phylogenetic tree is between Afri-
cans and non-Africans and that the European genetic
component is -25% in contemporary African American
populations (Chakraborty et al. 1991) and -60% in
contemporary Hispanic populations (Hanis et al. 1991).
Connor and Stoneking (1994) have applied mitochon-

drial genetic variation to the estimation of ethnicity. This
group used a logistic-regression model to predict eth-
nicity on the basis of sequence-specific oligonucleotide
data and demonstrated that, with 23 probes, they are
able, 65% of the time, to correctly predict ethnic group.
This is a significant level of discrimination, especially
when one considers that the mitochondrial genome is a
single genetic locus, albeit a highly informative locus.
Both the limited time since divergence and ancient and
historical admixture prohibit the practical application
of a single locus to EAE. Many informative loci, possibly
including Y-chromosome and mtDNA markers, are
needed for confident EAE, individual-admixture estima-
tion, or group-admixture estimation. Given both the re-
cent divergence of human populations and the strong
tendency for populations to hybridize, the variance of
estimates based on one of a few loci will often be too
high for confident statements to be made.
We have demonstrated that it is possible to identify

a panel of dimorphic and microsatellite genetic markers
that will allow confident EAE in African Americans,
European Americans, and Hispanic Americans. We have
focused on these three populations because together they
constitute 95% of U.S. residents. Similar sets of markers
could be developed for the identification of other popu-
lations common in the United States, such as Chinese
Americans, Native Americans, and Polynesian Ameri-
cans. In addition, it may prove feasible to estimate indi-

vidual admixture concurrent with EAE, so that intereth-
nic individuals, first- or second-generation hybrids of
one or more populations, could be identified and classi-
fied appropriately.
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